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PREDISSOCIATION IN AN ELECTRIC FIELD—A NEW PHENOMENOCN
IN MOLECULAR SPECTROSCOPY

F. J. Comes and U. Wenning+

If has been known for a long time that molecules can dissoci~ /406%
ate from bound states (predissociation). These molecular states
are, of course, consldered bound only in an approximation which
does not contain all the interactions. But if we include config-
uration into action in the description, which is important for
molecular disintegration, 1t would be more correct to speak of
quasi-bound states. These quasi-bound states express themselves
in a longer lifetime than the molecular vibration time. This {time.
can be considered as the maximum lifetime of the molecule with re-
spect to dissociaticn. But, on the other hand, their Iifetime is
shorter than that of spontanéous radiation from deep-lying bound
states, This manifests itself in the spectrum through broadened
lines in the absorptlon of the guasi-bound states. Their half-
width gives a2 certain measure for their shortened 1iftime with re-
spect to the emission of radiation. Their exact description, how-
ever, requires the picture of diliscrete and continuous states, since
the wave function contains both parts. Not all states which lie
energetically higher than the dissociation 1imit of the molecule
can dissoclate through,ﬁonradiative decay. The transition must
meet certain selection rules, known as Kronig's rules. For this
reason 1t is possible that, for instance, certain rotational states

in a given vibrational band of an electronic excited state can
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decay, but others can not, The latter'consequently appear 1in
emlssion, Similar results are valid for autoionization, which 1s

likewise 2 form of radiationless decay.

_ Besides this normal predissociation, there are other forms
of predissociation, which can bé called iﬁduced predissociation.
Radiationless decay of a molecule into molecular fragments can be
induced by a strong magnetic field. Turner [1] in 1930 found that
exelted iodine moleculés, whose decay is forbidden accordinglto
selection rules, can dissociate in a strong magnetic field. Van
Vieck {2] gave a theoretical explanation for the problem. A dis-
sociatlion into two non-excited iodine atoms 1s possible when the -
selection rule AJ = 0 loses its force in a magnetlc field. Another
phenomenon is called collision-induced predissociation. Turner
[3] could observe in his experiments that excited iodine molecules
decayed even without a magnetic field when the iodine pressure
itself, or the partial pressure of additional gases, was large
enough to make an adequate number of collisions probable within
the radiative lifetime. The interpretation of this effect has to
date not been fully satisfactory. An attempt has been made to
base the collision predissociation on the magnetic interaction of
the colliding particles [4]. The van der Waals forces have also
recently been discussed as a cause [5].

To the already mentioned processes of field induced predis- .
soclation a further effeect must most recently be added, which is /407
induced by electric fields. We could show that, for instance,

excited H, molecules can be dissociated by fields of a few volss

2
per cm [6], In the meantime, the effect has also been demonstrated

for D2, as willl be shown in the following,.

Experimental Progedure

The proof for the dissociation of hydrogen molecules was

already gilven in our previous research [7], through measurement



of atomic fluorescence. Dissoclation of the molecule generates,
among other things, an excited atom whose fluorescence radiation
is the Ly,-emission. The UV-sensitive detector is therefore pre-
ceded by an LyOL filter. The remalning parts of the apparatus are
the vacuum UV monochromator, a light source, and the observation
chamber. Individual parts of the arrangeﬁent have already been
explained, so that we can dispense with the description. An im-
portant aid for the 1nvestigation is a homogeneous elecfric field
which extends over the entire observation chamber. The distance
between the field plates c¢ould be reduced to 0.5 cm, so that the
applied veltage is never higher than 100 volts. The condensger
plates themselves conslst of very transparent screens (90% trans-
parency). Thus the production of photoeléctPOns through atomic
radiation is avoided. The measuring signal is led in the usual

fashion to a counting device with a recorder or a rate meter.

Foundations of the Measurecment Procedure and Results

In the following sectlon the procedure will be given for the
determination of field predissociation, as well as results for
hydrogen molecules. A4 number of experimental paths are possible
for the observation of predissociation in general.

A large number of spectroscopic measurements. are based on
absorption. Absorption measurements can in principle be used for
the observatiocn of predissociation effects, Such a measurement
usually produces the initial evidence. The radiationless molecu-
lar decay expresses itself, when the resolution is insufficient,
in an altered pressure dependence of the absorption ccefficlent.
When the resocolving power 1s adequate, the measurements of the
line broadening is a particularly fruitful proccedure. In most
cases, however, other procedures are more suitable, such as the
observation of molecular fluorescence, and its termination in the

spectrum [8]. The determination of dissoelation products itself



is naturally a particularly sensitive method, and is particularly
sultable when one of the molecular fragments is fluorescent, i.e.,
in an excited state. '

Predissociation of the hydrogen molecules leads to excited
H-atoms which give information about their origin through their
atomic flumrescence (Lya). Since a field-induced effect is pre-
sent in connhection with the measured results to be discussed, the
observations are made while applying a suitable electric field.
The fleld effect comes about in this fashion, that excited hydro-
gen molecules dissociate upon application of a field, although
they would not, or nearly not, dilssociate in the fileld-free case.
The dissoclation in these circumstances 1s complete, since absorp-
tion and dissocliation cross-sectlions nearly coincide in the field.‘
Without a field they are measurably different, The proof of dils-
sociation follows from measurement of the resulting Lya—emission.
For the proof of field-induced molecular dissociation, it must
also be noted that molecular states exist which decay through
normal precdissociation, even without the application of a field.
In this case there generally occur metastable H(23) atoms. Besides
the molecules, these particles too show a field effect. Other
processes than field predissoclation and the Stark effect mixing
of H(238) and H(2P) do not occur. The latter can lead to a field
dependent emissilon of Lyu radiation. For the measurement of field
induced predissocciation, therefore, a method must be used which
makes posnlble separate observation of both field effects. A
suitable method results from the different pressure dependence

of both effects.

Metautable hydrogen atoms have a long lifetime (1t = 1/7 &)
and at the pressures under conslderation (sz = 1-10_2 torr) are
completely deactivated by collision. " Molecular states subject to /ﬂgﬁ
predissoclation in electric filelds do not have a long lifetime .
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(their lifetime is unknown, bﬁt probably lies at about 10~ s).

At the prevailing H2 pressure Fhey are only minimally affected by
gas kinetic collisions. A better understanding of collision pro-
cesses of metastable hydrogen atoms was obtained in our investi-
gations. For this pﬁrpose, preliminary measurements [7] determined
the interaction cross-sections for the deaétivation of H(2S8) and
D(25) atoms and their energy dependence in collisions with H, or
D2.
lision induced emission of LyOc and 2) the "reactive' collision,

which led to the extinction of atomic fluorescence,

Two different processes could be observed here: 1) the col-

The simplified reaction scheme is as follows

k

1 .
H(28) + H, —>H(18) + H, + hv(Ly,), (1)
H(28) + I, —lih"product" without Ly, radiation, (2)
H(28) + electric field L% H(1S) + hv(Ly ). (3)

For fields which are not too large the following is valid [9]
5 .
1/t = AF (4)

where ¥ is the electric fleld strength.

The measurable Lyu intensity, according to this scheme, 1s

2
k'[Hs,1 + AF
K(Lya) ~ (k"i‘_k)EHz] ¥ AE? - (5)

From equation (5) the rate constants and consequently the inter-
actlion cross—sections of equations (1) and (2) can be calculated.
. The cross-~section for equation (1) is energy-dependent. Accord-
ingly, for kinetic energles of the excited hydrogen atoms, -such
as result through photo-dissociation in the wavelength reglon
between 810 and 820 R, between 1/5 and 1/6 of the primary gener-
~ated metastable atoms are quenched through reactive collisions (2).



If the observatlon chamber is put ihto'an electric field, then the
metastable atoms have & field-dependent lifetime (3), which, with
increasing field, influences the competition between collision de-
activation and spontanebus emission in such a way as to favor the
latter. If the field is large enough, the metastables radiate
thelir energy in the form of Lya. The largest possible increase in
the observation region is about 25% for atoms at sz = 1-10_2 torr.
If in the electric field increases are measured which are signifi-
cantly larger than 25%, then only a field-induced molecular decay
can be responsible, according to the preceding conslderations.

Measurements on H however, gave observed increases of up to 350%

[6].

2)

As we have already explained in a previous paper [6], field
decay is produced by configuration mixing in the electric field.
This opens new decay paths for dissociation., The matrix elements
are only non-zero when the states have unequal parity in the field-
free case. Since the mixing states always experilence some change
in character, the'aﬁplication of first-order perturbation theory
gives an interaction which depends linearly on the field strength.
The test of the linear dependence of the interactidn on the fielid
strength is therefore an important characteristic.for the explana-

tion of field predissociation.

Figure 1 shows the measured Lyu(D) fluorescence of excited
D atoms, from disscciation of D2 with or without an electric field.
Especlally important is the spectrum shortly before the D-X{7.0)
band. As in the case of H,, an increase is present here which
far exceeds the measure of the fleld effect to be expected from
metastable D atoms. The effect is particularly clear in the
position A = 808.9 ﬁ. The increase in Lya radiation in the field
is here 80%. '
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For this excitation state the field dependence of the effect

was also measured (Fig. 2).

It is clearly different from the

behavior of meta—-stable D atoms in the field (lower curve).

Fig. 2.
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An intereéting indication of the nature of the field dissccl-~
ating molecular states can be gathefedlprimari;y from the H2 spec-—
trum. The spectrum can more easily be resolved than the D2 spec-—
trum because of its greater level separations. H2 measurements
are therefore shown in PFPlg. 3. ’These refer to the region of the
ionization continuum, where a particularly strong field effect was

observed.
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Fig. 3. Intensity of the Lya(H) fluorescence as a function

of wavelength of the exciting primary radiation in
the region of the ionization continuum of H2.

Technical data as in the measurements of Fig. 1.

A noticeable portion of the absorptlion a 1little above the
ionization limit ecan still be ascribed to dlssociative processes.
This portion is structureless, particularly between 790 and 793.5
ﬁ. As soon as a field is applied, the Lya radiation increases
strongly and reaches an increase of 350% for 150 volts/cm. A
‘similar absorption, which produces dissociation of the molécule,
is also measured between 804 and 799 A. Here too the dissociation
cross—-section is without recognizable structure. But it remains

structureless even upon application of the field. The measurement



shows, among other things, that the charge carriers which are
formed by photolonization in this region, have no influence on
the measurementsain the electric fleld. Evén though the lonlza-
tion ecross-section is strongly structured, fluorescence measure-

ments are not affected by this.

The measurement of D; formation to chemi-ionization of ex-
cited D9 molecules 1s extremely instructive. The D, spectrum
which is mirrored in the ilonization curve remains simple
despite the high excitation energies, so that participation of
high Rydberg states must be suspected, a4s 1s the case with H2.
A discussion of these results, however, will be postponed until

a highly resolved D, spectrum is available in this energy regicn.

2

Discussion

The measured results of Fig. 1 clearly show that the field
predissociation effect, already found for'Hz, alsc appears with
the D2
the electric field is much greater (up to 180%) than can occur in

molecule. The 1lncrease of the measured Lya radiation in

this wavelength region for fluorescing photodisocciation products

such as D(28) (25%). Since H., and D, have the same electron struc-

2 2
ture, we also expect that similar processes are possible in prin-

ciple. But because of thelr large mass, the dissociation process,

which competes with molecular fluorescence, will occur more slowly.

Tt therefore would not be surprising t£o measure a smaller effect

with D2 than with H2°

tion along these lines, since the D2 spectrum is much more poorly

But we cannot give an unambiguous explana-

resolved than the H2 spectrum, Within bandwidths of the incldent
primafy light, significantly more exclted states of the molecules

are formed.

According to the measured resulté for light hydrogen [6],
first consideration for the fleld decay belongs to the vibration-
+
less states of the Rydberg series with 12u~configuration. The



position of these states ls well-known through.very recent absorp-
tion measurements. For deuterium measurements, the determination
of this kind of state 1s much more difficult in principle, because
of the strong level overlap. A measurement of the D2 absorption
cross-section (AXx = 0,08 i) is indeed available in this wavelength
region [10], but the resolution is inadequate to analyze the D2
spectrum. Measurements at substantially higher resolving power
[11] have not yet been evaluated, so that at this time they can
not be applied for the analysis of the levels that are of import-

ance here.

While the electronic states of the igotopic molecules H2 and

D2 differ only slightly from one ancther, the difference for vi-
brational and rotational spectra i1s much greater. The mass enters
the vibrational energy according to its root, and 1t enters the
rotational energy linearly. "mhis leads to smaller band separation
and most of all to a fuller thermal occupation of the rotational
space. At room temperature, 66.1% of the H, molecules are in the
rotational state J" = 1, while the states with J" = C and Jg"n =2
are occupled only 13.1% and 11.6%, respectively. For D2 this bal-
ance is shifted to 18.4%, 20.6%, and 38.5%, for the states J" = 0,

1, and 2 (T = 300° K).

The deuterium spectrum 1is therefore much denser in absorption
iines. This also expresses itself in the measurement of field
predissociation.' Since field decay depends on the excited state
of the molecule, only increases can generally be observed which

are mediated through several states.

The measured increase in predissociation in the electric
field—shown here for lprimary = 808.9 3—is, according to Fig. 2,
is first a linear function of the applied field strength. In this
the effect is clearly different from the behavior of metastable

D(2S) atoms in a fleld. For both particles, the lifetime with

10



-respect to predissociation or Lya emission decreases quadratically
with field strength. Deactivation of the states of both particles
is described by quite similar equations (see [4]). The excited
molecules have a short lifetime. Without a fleld they will conse-
quently in most cases make transitlons through molecular fluores-—
cence to deeper lying states or to the ground state. The weak compe-
tition through deactivation in gas kinetlc collisions pefmits an
increase in the field which is practically linear with field
strength. The existence of a pseudo-linearity here can be demon-
strated at higher pressures. TFor the long-lived metastable atoms
by contrast, the competition through collisions 1s fully effective,
resulting in an apparently different field dependence. The effect
of metastable atoms and the effect of excited molecules 1in an
electric field can easily be distinguished through this pressare—
dependent effect. In a field strength of 150 volts/em the satura-
tion value is already reached for the field increase of the mole—
cules. '

The measured result showed in Fig. 3 is interesting. The
radiated Lya emission in the region between 793,5)and 790 ﬁ is
structureless without a field. This raises the suspicion that
the excited H atoms arise by a direct transition of the molecular
system into the dissociation continuum. The dissociation cross-
section without the field at 3-10—2 torr is about U% of that for
the D-X(7.0) band. Since atomic fluorescence in the field (180
volts/em) nearly agree with the total absorption, up to the ioni-
zation cross—-section, this curve yields a comparison with highly
resolved absorption measurements. According to Takezawa'[12],
the following states must be considered in this region.

1. Rydberg termé of the series lHu and 123 (v! = 1) with

n 2 13. The convergence limit of both series lies at 7950 ﬁ. The
higher members below 791 R have not been observed 1in absorption.

11



2. Between 791 & and 792 & occur the states n = 7 of igt

u
(v' = 2) as well as n = 5 1IIu.(v' = 3). A strong increase of Lya
intensity in the field is observed here. It must therefore be

assumed that'particulariy the 123 state participétes in the field

decay. This would establish a connectlon which qualitatively
: +

agrees with the assertions of previous research. Herein the lEu

state with n 2 9, of the vibrationless ground state of the H, con-

verging Rydberg series, was made responsible for the field effect /41l
[61.

Let us compare the measurements between 794 R and the ioniza-
tion 1imit (804 &) with this finding. In the region from 799 to
-804 R a structureless dissociation cross-section has also been
measured here. This corresponds to about 3-4% of the cross-section
measured for D-X(6.0). In this region Rydberg states occur with
n £ 9 [12]. But the increase in a field l1s structureless, and so0
we draw the conclusion that these states predissociate in the field
either not at all or only a little. This result agrees well with
measurements of field of decay of the vibrationless 12; state be-
fore the ionization limit. The field effect begins with larger
10.

princple quantum numbers, beginning with n

Oour own [10] as well as other authors' [13] measurements show
that the coupling in H, goes over from Hund's case b to case 4,
as the principle quantum number increases. The measured separa-
tions of the levels K = 0 and K = 1 of the Z-states first increased
and then decreased strongly [12]. The position of both levels are
almost identical for n = 9, and then exchange their sequence., The
field-induced decay of the molecule likewise begins with these
states. Among other things, the electric field destroys the sym-
metry of the system. Now states of g-symmetry can couple with the
Eu—states [2], which opens new paths for predissociation. The

matrix elements are linear in the field strength. For this new

12



path of disscciation it must, however, be presupposed that the
potential curve of the final state has a suitable position with
respect to the I~state that may then be excited., The conception
that macroscopic electric field can cause predissocilation in
molecules is alsoc supported by measurements of collisionfinduced
predissociation [14%]. We have recently succeeded through induced
predissociation, by collisions with suitable atoms and molecules,
of the H2 states which underlie field decay.

13
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